Hypoxia and hypoxia-inducible factor-1 (HIF-1) play a critical role in glioblastoma multiforme (GBMs). CXCR4 is involved in angiogenesis and is upregulated by HIF-1a. CXCR4 is a chemokine receptor for stromal cell-derived factor-1 (SDF-1)a, also known as CXCL12. We hypothesized that CXCR4 would be upregulated by hypoxia in GBMs. First, we investigated the expression of HIF-1a and CXCR4 in GBMs. CXCR4 was consistently found colocalized with HIF-1a expression in pseudopalisading glioma cells around areas of necrosis. In addition, angiogenic tumor vessels were strongly positive for CXCR4. Next, we tested the in vitro effect of hypoxia and vascular endothelial growth factor (VEGF) on the expression of CXCR4 in glioma cell lines and in human brain microvascular endothelial cells (HBMECs). Exposure to hypoxia induced significant expression of CXCR4 and HIF-1a in glioma cells, whereas treatment with exogenous VEGF increased CXCR4 expression in HBMECs. We also transfected U87MG glioma cells with an HIF-1a construct and observed that CXCR4 was upregulated in these cells even in normoxic conditions. We then used a lentivirus-mediated shRNA expression vector directed against HIF-1a. When exposed to hypoxia, infected cells failed to show HIF-1a and CXCR4 upregulation. We performed migration assays under normoxic and hypoxic conditions in the presence or absence of AMD3100, a CXCR4 inhibitor. There was a significant increase in the migration of U87MG and LN308 glioma cells in hypoxic conditions, which was inhibited in the presence of AMD3100. These studies demonstrate the critical role played by hypoxia and CXCR4 in glioma cell migration. Based on these studies, we suggest that hypoxia regulates CXCR4 in GBMs at two levels. First, through HIF-1a in the pseudopalisading tumor cells themselves and, secondly, by the VEGF-stimulated angiogenic response in HBMECs. We believe this knowledge may lead to a potentially important two-pronged therapy against GBM progression using chemotherapy targeting CXCR4.
Angiogenesis is required for the sustained growth and progression of gliomas.
1 Glioblastoma multiforme (GBMs), the most malignant of the gliomas, display significant angiogenesis that is partly linked to hypoxia, 1 a universal characteristic of malignant neoplasms. 2 Hypoxia-inducible factor-1 (HIF-1) is a transcription factor that regulates O 2 homeostasis in response to changes in O 2 levels in normal and tumor tissues. 3, 4 HIF-1 is a ubiquitously expressed and highly conserved heterodimeric basic-helixloop-helix-PAS transcription factor composed of an a-and a b-subunit. 4 As cellular O 2 concentration decreases, levels of the HIF-1a subunit increase, and this determines the level of HIF-1 activity. 4 Under hypoxic conditions, HIF-1 activates a large battery of genes whose protein products function either to increase O 2 availability or to allow metabolic adaptation of cells to O 2 deprivation within their microenvironment. These genes contain hypoxic response elements (HREs) and include genes such as vascular endothelial growth factor (VEGF), a highly potent cytokine known to promote angiogenesis. [5] [6] [7] As a result, HIF-1a and its signaling pathway have become targets for cancer chemotherapy aimed at inhibiting angiogenesis. [8] [9] [10] [11] [12] [13] [14] We and others have correlated increased HIF-1a expression in tumors with advanced disease stage, increased angiogenesis and poor prognosis. [15] [16] [17] [18] [19] GBMs are noted for being one of the most highly angiogenic solid tumors. 1 In GBMs, HIF-1a is highly expressed in pseudopalisading tumor cells adjacent to necrosis, suggesting that the pattern of expression of HIF-1a in GBMs is modulated, at least in part, by tumor oxygenation. VEGF expression is also present in pseudopalisading cells. 20, 21 The colocalization of HIF-1a with VEGF expression suggests a potential pathway for angiogenesis mediated by VEGF. Thus, it is likely that hypoxia induces HIF-1a expression in GBMs, which in turn activates VEGF gene transcription, leading to increased VEGF production and angiogenic activity.
Another gene reported to be positively regulated by HIF-1a via an HRE sequence in its 5 0 end is CXCR4. 22, 23 CXCR4, a chemokine receptor for stromal cell-derived factor 1 (SDF-1) a 24, 25 is an important molecule associated with tumor progression and metastatic spread of a variety of different malignancies, including lung, pancreas, and breast. [26] [27] [28] [29] [30] Several studies investigated the expression and functional role of CXCR4 in gliomas. [31] [32] [33] [34] [35] For example, CXCR4 was shown to play a critical role in glioma invasion. 36 Given that HIF-1a upregulation occurs in pseudopalisading cells around the area of necrosis in gliomas overlapping with the expression patterns for VEGF and CXCR4, 1, 15, 31 we wished to test the hypothesis that hypoxia may independently upregulate CXCR4 expression in glioma cells.
We show that CXCR4 levels correlate with HIF-1a levels in human GBM specimens and is expressed in angiogenic tumor vessels in vivo. CXCR4 expression was significantly induced in glioma cells after exposure to hypoxia in vitro. CXCR4 could also be upregulated in normoxic U87MG glioma cells following transfection and overexpression of the HIF-1a gene. Glioma cells infected with a lentivirusmediated shRNA expression vector directed against HIF-1a failed to upregulate HIF-1a and CXCR4 when exposed to hypoxia. Migration studies in hypoxic conditions in the presence of AMD3100, a CXCR4 inhibitor, resulted in a significant decrease in migration of glioma cells. These studies demonstrate that CXCR4 plays an important role in glioma cell migration. In addition, CXCR4 expression was induced in human brain microvascular endothelial cells (HBMECs) after exposure to VEGF. Based on these studies, we suggest that hypoxia regulates CXCR4 in GBMs at two levels. First, through HIF-1a in the pseudopalisading tumor cells themselves and, secondly, by the VEGF-stimulated angiogenic response in HBMECs. We believe this knowledge may lead to a potentially important two-pronged therapy against GBM progression using chemotherapy targeting CXCR4.
Materials and methods

Clinical Information
This study was conducted under a protocol approved by the Institutional Review Board of New York University School of Medicine. In total, 18 GBMs classified according to WHO criteria were studied. 37 There were 11 female and 7 male patients. The age range was from 34 to 80 years. In 11 of the 18 cases examined in this study, cerebral tissue remote from the tumors, that is, non-tumor brain tissue, was present and served as control tissue for the immunohistochemical studies.
Immunohistochemistry
Immunohistochemistry for HIF-1a and CXCR4 was performed as previously described. 15, 23, 31 All formalin-fixed, paraffin-embedded human tissue specimens were obtained from standard surgical operations. Briefly, formalin-fixed, paraffin-embedded tissue was prepared using conventional histological methods. Serial sections (6 mm) were cut from each paraffin block. One section was stained with H&E for histological assessment. Serial sections were immunostained for CXCR4 or HIF-1a. Immunohistochemistry was performed using a computer-controlled automated immunostainer, NexES (Ventana Medical Systems, Tucson, AZ, USA). Slides were deparaffinized by three washes of xylene, followed by washes through graded alcohols (100-70%) into phosphate-buffered saline. Antigen retrieval (AR) was performed in boiling 0.01 M citrate buffer, pH 6, for the appropriate amount of time, in minutes, as indicated. For CXCR4, we used a goat polyclonal, diluted 1:25, AR10 (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA; clone G-19) and a mouse monoclonal, diluted 1:100, AR45 for HIF-1a (Lab Vision Corp., Fremont, CA, USA; clone H1a67). All primary antibodies were incubated at room temperature overnight and then detected using an avidin-biotin complex with 3,3 diaminobenzidine (DAB) as the chromogen. For CXCR4, we used a biotinylated secondary antibody, rabbit anti-goat (Vector Laboratories, diluted 1:100, 32 min incubation) and a peroxidase-labelled antimouse secondary antibody conjugated to fluorescein-labelled tyramide reacting against an antifluorescein peroxidase (Dako CSA II Biotin-free Tyramide Signal Amplification System) for HIF-1a. Negative controls consisted of incubation of the tissue section without primary antibody but with isotype-specific immunoglobulins.
Histological Assessment
Two pathologists (DZ and HY) independently evaluated the immunostaining results. When an evaluation differed, the final decision was made by consensus. The immunohistochemical analysis of HIF-1a and CXCR4 expression was scored as follows: À, no staining; þ , staining of less than 1% of cells; þ þ , staining of less than 10% of cells; þ þ þ , staining of 10-50% of cells; þ þ þ þ , staining of greater than 50% of cells. In each case, immunoreactivity for CXCR4 and HIF-1a was scored separately for tumor cells, vascular cells, or adjacent normal brain tissue.
Cells and Reagents
The human glioma cell line LN308 (kindly provided by Dr Frank Furnari from the Ludwig Institute for Cancer Research, UCSD) and the U87MG cell line, purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA) were used. Cell lines were cultured in 5% CO 2 and 95% humidified atmosphere air at 371C in Dulbecco's modified Eagle's medium (DMEM; Gibco BRL, Grand Island, NY, USA). The medium was supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals, Norcross, GA, USA), 1% penicillin and streptomycin, and 2 mM glutamine (Gibco BRL). Glioma cell lines were split every 3 days to ensure logarithmic growth. HBMECs were purchased from Cell Systems (Kirkland, Washington) and grown in complete growth medium (Cell Systems). For hypoxic exposure, cells were placed in a sealed Modular Incubator Chamber (Billups-Rothenberg Inc., Del Mar, CA, USA) flushed with 1% O 2 , 5% CO 2 , and 94% N 2 .
AMD3100, a bicyclam, is a nonpeptide CXCR4 inhibitor. 38 The stock solution was made in PBS (5 mg/ml) and kept at 41C. AMD3100 was kindly provided by Dr Joshua Rubin from Washington University in St Louis.
Isolation and Analysis of RNA
Total RNA was isolated from cell monolayers using the RNeasy kit (Qiagen Inc., Valencia, CA, USA) according to the manufacturer's directions. RNA was quantitated by absorbance at 260 nm. For reverse transcription, 2 mg of total RNA was reverse-transcribed using Super Script II RNase H reverse transcriptase (Invitrogen, Carlsbad, CA, USA) and random hexamer primers (Invitrogen, Carlsbad, CA, USA) at 251C for 10 min and 421C for 1 h for cDNA synthesis. In total, 2 ml of the reverse transcription product was used as a template for PCR amplification. PCR was performed under standard conditions in a 50 ml reaction mix containing 1 Â PCR buffer, 1 U of Platinum Taq polymerase (Invitrogen, Carlsbad, CA, USA), 200 mM dNTP mix, 1.5 mM MgCl 2 , 100 nM of primers. Primers used are listed in Table 1 and were designed using MIT Primer3 software and as previously described. 39 The PCR conditions consisted of 3 min of an initial denaturation step (951C) followed by 25 cycles of denaturation (951C, 30 s), annealing (551C, 30 s), and extension (721C, 50 s) followed by a final elongation step of 7 min at 721C for HIF-1a and b-actin. The PCR conditions for VEGF consisted of 30 cycles of denaturation (951C, 30 s), annealing (601C, 1 min), and extension (721C, 1 min). For CXCR4, after initial 35 cycles of denaturation (951C, 30 s), annealing (551C, 30 s) and extension (721C, 50 s) were used. PCR product (20 ml) was analyzed on 3% agarose gels stained with ethidium bromide. Quantitation of bands was performed with the BioRad Fluor-S apparatus (BioRad, Hercules, CA, USA) with Quantity One (Version 4.2.1) software.
HIF-1a Transfection
U87MG glioma cells were cultured for 24 h under normoxia (20% O 2 ) in six-well plates in DMEM/F12 medium with 10% FBS (Life Technologies, Inc., Gaithersburg, MD, USA) until 60-70% confluence was reached. Cells were transiently transfected using Lipofectamine Plust according to the manufacturer's protocol. The vector for pHIF-1aDN, pCEP4, kindly provided by Dr Gregg Semenza from the Johns Hopkins University, contains a hygromycin-resistance gene (Invitrogen, Carlsbad, CA, USA). Cells transfected with the empty pCEP4 expression vector served as controls for all experiments. After transfection, cells were grown in selective medium (10% FBS-DMEM containing 200 mg of hygromycin/ ml), and several clones of each were randomly selected and subsequently expanded in selective medium. Early passages of the transfected clones were frozen and stored in liquid nitrogen before being used for in vitro experiments. Screening for successful transfection was carried out by Western blotting analysis and immunofluorescence for nuclear HIF-1a protein levels. Cells were kept in culture for a maximum of 4-5 additional passages in selective medium. All experiments were repeated three times.
Lentivirus Production and Infection of Glioma Cells
The shRNA directed against HIF-1a was a kind gift of Dr Lawrence Gardner from New York University. shRNA sequence for HIF-1a was (CCG GAG AGG TGG ATA TGT CTG GGC TCG AGC CCA GAC ATA TCC ACC TCT TTT TT) and the scramble sequence was (CCG GGG GTC TGT ATA GGT GGA GAC TCG AGT CTC CAC CTA TAC AGA CCC TTT TT). Recombinant lentiviruses were produced by cotransfecting human embryonic kidney (HEK) 293T cells with the lentivirus expression plasmid (pLKO.1 puro) and packaging plasmids (D8.9 and vsv-g) using Fugene as a transfection reagent. 40 HEK 293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, in a 371C incubator with 5% CO 2 . Infectious lentiviruses were collected at 24, 48 and 72 h after transfection. The collected supernatant was centrifuged to remove cell debris and filtered afterwards through a 0.45 mm filtration unit. LN308 glioma cells were infected with the lentivirus producing shRNA directed against HIF-1a. Stable transfectants were selected in puromycin for 7 days.
Western Blot Analysis
Glioma cells (2 Â 10 6 ) were seeded in 10 cm 2 dishes in complete growth medium. After 48 h, medium was changed to DMEM containing 1% FBS and 50 mM HEPES (pH 7.4), and exposed to 20% O 2 (standard 95% air/5% CO 2 incubator) or 1% O 2 for 8, 16 and 24 h. HBMECs (2 Â 10 6 cells) were seeded in complete growth medium. After 48 h, medium was changed to serum-free medium (Cat # 4Z0-500) containing 50 mM HEPES. Cells were untreated or exposed to VEGF (50 ng/ml) for 8, 16 and 24 h under 20% O 2 condition. Cells were lysed in RIPA buffer (150 mM NaCl, 1% Nonidet P-40, 1% deoxycholate, 0.1% SDS, 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0) supplemented with protease inhibitors (1 mM phenylmethylsulfonyl fluoride; PMSF 0.2 mM sodium orthovanadate and 1 mg/ml aprotinin). Quantitation of protein was carried out with the BCA reagent (Pierce, Rockford, IL, USA). Equal amounts of protein (30 mg) in the presence of 5% b-mercaptoethanol (Sigma-Aldrich, Saint Louis, MO, USA) were electrophoresed on 7.5% SDS-PAGE gels and transferred to Immobilon-P membranes (Millipore, Bedford, MA, USA) by electroblotting at 41C at 33 V overnight. Western blot analysis was performed as described 23 with the following antibodies: mouse anti-HIF-1a monoclonal antibody used at 1:1000 (clone 54, BD Transduction Laboratories, San Jose, CA, USA), rabbit polyclonal anti-CXCR4 (IMG-537, IMGENEX, San Diego, CA, USA) used at 1:500 and mouse anti-actin monoclonal antibody used at 1:50 000 (clone C4, Chemicon International, Inc., Temecula, CA, USA). Sheep anti-mouse IgG (Amersham Life Pharmacia Biotech, Piscataway, NJ, USA) and horseradish peroxidase-conjugated secondary antibodies were used at 1:2000. Immunodetection was carried out either with the Supersignal West Femto (HIF-1a) or Pico (actin). Maximum Sensitivity Substrate ECL detection system (Pierce Biotechnology Inc., Rockford, IL, USA) was followed by visualization and densitometry using NIH Image software.
Immunofluorescent Microscopy U87MG cells (3 Â 10 4 ) were seeded onto poly-Dlysine-coated glass coverslips and incubated overnight. Cells were grown under normoxia (20% O 2 ) or hypoxia (1% O 2 ) for 24 h and processed for immunofluorescence. For immunofluorescence, cells were fixed in 4% paraformaldehyde in PBS for 15 min, then washed for 5 min in PBS, permeabilized for 10 min in 0.5% Igepal (Sigma-Aldrich, Saint Louis, MO, USA), followed by a final wash of PBS for 5 min; all steps were performed at room temperature. Nonspecific binding was blocked by incubation in blocking buffer containing 2% bovine serum albumin (BSA) in PBS for 30 min at room temperature. Cells were incubated overnight at 41C with primary mouse monoclonal anti-HIF-1a antibody (BD Transduction Labs, San Jose, CA, USA; #610959) diluted 1:200 in blocking buffer. Cells were washed in blocking buffer three times for 5 min each before incubation with secondary donkey antimouse FITC-conjugated antibody (Jackson Immunoresearch, West Grove, PA, USA) diluted 1:300 in blocking buffer for 2 h at room temperature in the dark. For CXCR4 immunofluorescence, primary polyclonal anti-CXCR4 goat IgG (Santa-Cruz Biotechnology; clone G-19) was used in blocking buffer at 1:200. The secondary antibody was a donkey antigoat Texas Red conjugated antibody (Jackson Immunoresearch) at 1:300. After three washes in PBS, cells were counterstained with propidium iodide (PI, 20 mg/ml) or DAPI (100 ng/ml) for 20 min at room temperature. After washing three times in PBS, coverslips were mounted onto Fisher ColorFrost glass slides using ProLong antifade kit (Molecular Probes, Eugene, OR, USA). Images were captured using a Nikon Fluorescence microscope and adjusted using Adobe Photoshop 7.0 software.
Migration Assay
Millipore Millicell inserts (Millipore, Carrigtwohill, Co. Cork, Ireland) with 8-mm pore size polystyrene filter inserts for 24-well plates were used according to the manufacturer's instructions and as described. 41 Briefly, cells (5 Â 10 4 ) in 400 ml of DMEM medium with 10% FBS were seeded onto the upper compartment of each chamber and placed into wells containing 600 ml of complete medium. Cells were allowed to adhere for 1.5 h, and then the medium in the upper chamber was replaced with complete medium with or without different concentrations of AMD3100. The migration chambers were incubated for 24 h in normoxic (20% O 2 ) or hypoxic (1% O
Statistical Analysis
Experiments were performed at least two or three times and determinations were performed in replicates. Results are expressed as mean7standard deviation. All analyses for the conditions being compared were performed using a two-sided Student's t-test for significance (Po0.05). All analyses used Stat View software (SAS Inst., Cary, NC, USA).
Results
HIF-1a and CXCR4 Expression in GBMs
We performed immunohistochemistry on paraffinembedded sections to determine the expression levels and localization of HIF-1a and CXCR4 in normal brain compared with 18 GBMs. The results are summarized in Table 2 . All 18 GBM specimens were highly vascular. They showed moderate-tomarked cellular pleomorphism, hyperchromatic nuclei and displayed frequent mitotic figures. Necrosis was seen in all cases and was either focal (16 cases) or extensive (two cases). Vascularity was heterogeneous not only from tumor to tumor but also within individual tumors. Glomeruloid vascular complexes, representing the end result of an exuberant vascular proliferation with coiled masses of capillaries, were observed in 17 cases. HIF-1a immunoreactivity was present in the tumor cells of all GBMs (n ¼ 18) (see Table 2 ). The staining was especially intense in pseudopalisading tumor cells around areas of necrosis as previously described (Figure 1a and b) . HIF-1a was detected in tumor cells adjacent to activated vascular channels, especially near vessels with hyperplastic changes. In some GBMs, multiple clusters of immunostained tumor nuclei were detected. In many of these cases, deeper cuts into the tissue block revealed that the immunostained tumor cells were adjacent to necrotic zones. In every case, staining for HIF-1a was primarily observed in tumor cells and not in vascular cells. Tumor cells in three cases were 4 þ staining, six cases had 3 þ , three had 2 þ and six had 1 þ .
CXCR4 expression was noted in 16 out of 18 GBM cases. The pattern of CXCR4 immunostaining was similar in its distribution as seen for HIF-1a (Table  2 ). CXCR4 was highly expressed in areas of tumor adjacent to necrosis, that is, in pseudopalisading cells (Figure 1c and d) , suggesting that the pattern of CXCR4 expression in GBMs is, at least in part, modulated by tumor oxygenation. In three cases, CXCR4 was localized to the cytoplasm only, whereas in six cases both cytoplasmic and nuclear localization was detected and in seven cases, the staining was nuclear only. In tumor cells, three cases were scored as 4 þ , eight cases were scored as 3 þ , one was 2 þ , and four were 1 þ . CXCR4 immunoreactivity was negative in two tumors. CXCR4 immunoreactivity highlighted cellular contours in a pattern consistent with membranous staining. Interestingly, CXCR4 was also detected in vascular cells ( Figure 1 , Table 2 ). In four cases, CXCR4 was localized to the cytoplasm only, whereas in three cases both cytoplasmic and nuclear localization was detected and in nine cases was nuclear only. One case was scored Hypoxia, VEGF and CXCR4 in glioblastomas D Zagzag et al as 3 þ staining, four were 2 þ , and eleven were 1 þ . No staining was detected in two cases. In 11 GBMs where brain tissue was observed more distant from the tumor, no detectable staining for HIF-1 or CXCR4 was observed as previously described. 15, 31 Thus, reactivity for CXCR4 was colocalized to regions of necrosis and angiogenic vessels, 31 whereas HIF-1 was only observed in hypoxic tumor cells, for example pseudopalisading cells. 15 Finally, for both HIF-1a and CXCR4, in all cases, no staining was observed with isotype-matched murine mAb controls or in the absence of primary antibody.
Effects of Hypoxia on CXCR4 Expression in Glioma Cells
As levels of CXCR4 seemed to correlate with HIF-1a expression in glioma tumor samples, we wanted to investigate the effect of hypoxia on CXCR4 expression in vitro. Therefore, cultures of LN308 and U87MG glioma cells were exposed to normoxia (20% O 2 ) or hypoxia (1% O 2 ) for 8, 16 and 24 h and the expression of HIF-1a, VEGF and CXCR4 mRNA was analyzed by RT-PCR. Hypoxia upregulated VEGF and CXCR4 mRNAs but not HIF-1a mRNA (Figure 2a) . Our results are consistent with other reports showing that cells cultured under hypoxic conditions (O 2 1%) do not increase HIF-1a mRNA. 4, 8 The VEGF mRNA for both the 121 and 165 isoforms was increased by 8 h and remained elevated over the 24 h treatment interval. CXCR4 mRNA was increased as early as 8 h and maintained through 24 h.
To determine if the increase in mRNA for CXCR4 was translated into an upregulation of the protein, Western blots were performed. LN308 and U87MG glioma cells showed different levels of constitutive CXCR4 expression as previously reported. 33 Moreover, LN308 and U87MG glioma cells expressed higher levels of both HIF-1a and CXCR4 proteins under hypoxic conditions (Figure 2b and c) . This was seen as early as 8 h and was maintained through the 24 h interval. Quantitation of protein bands detected by Western blot showed that HIF-1a protein levels were significantly increased at all time points for both LN308 and U87MG glioma cells (Po0.05). CXCR4 protein levels were increased significantly at all time points for LN308 cells (Po0.05), whereas in U87MG glioma cells CXCR4 levels were significantly increased only at 24 h (Po0.05). These data provide evidence that CXCR4 mRNA and protein expression are upregulated by hypoxia. showed upregulation of HIF-1a and CXCR4 staining in normoxic-transfected U87MG glioma cells (U87MG/HIF-1a) or in nontransfected parental cells exposed to hypoxia (Figure 3b ). To further explore the role of HIF-1a in CXCR4 induction, we used a lentivirus-mediated shRNA expression vector directed against HIF-1a. Using this approach, we effectively inhibited HIF-1a expression concomitant with CXCR4 upregulation under hypoxic conditions. We selected LN308 glioma cell line based on its robust hypoxiamediated upregulation of HIF-1a (Figure 2b ). When exposed to hypoxic conditions, LN308 glioma cells infected with lentivirus containing scramble sequences showed an upregulation of HIF-1a, which paralleled an overexpression of CXCR4 (Figure 3c) . By contrast, in cells infected with the shRNA directed against HIF-1a, HIF-1a and the CXCR4 upregulation under hypoxic conditions was blocked.
Effects of VEGF on CXCR4 Expression in HBMECs
As we observed strong CXCR4 immunoreactivity in hyperplastic vessels but not in vessels of the normal brain, we wanted to identify chemokines that might be potential inducers of CXCR4 expression in HBMECs. We began by exposing HBMECs to 50 ng/ ml VEGF for the indicated time intervals (Figure 4 ). The expression of CXCR4 mRNA was then analyzed by RT-PCR. HBMECs constitutively expressed CXCR4 mRNA, which increased approximately three-fold after treatment with VEGF by 8 h with further increases at 16 and 24 h of about 10-fold (Figure 4a ). CXCR4 protein levels of expression in HBMECs was significantly increased after stimulation with VEGF. Quantitation of protein bands detected by Western blot showed a significant increase at 24 h (Po0.05) (Figure 4b and c) .
Effect of Hypoxia and CXCR4 Inhibition on Glioma Cell Migration
Next, we determined the effect of hypoxia on U87MG and LN308 cellular migration. Results from three independent experiments are shown in Figure   Figure After incubation for 24 h, the number of cells that migrated through the membrane was quantitated. In hypoxic conditions, migration of both U87MG and LN308 cells was significantly increased as compared to control normoxic cultures (Po0.001). The CXCR4 inhibitor AMD3100 significantly inhibited this hypoxia-stimulated migration of U87MG and LN308 glioma cells (Po0.001).
Discussion
Our results demonstrate that the pattern of CXCR4 expression observed in GBMs only partly overlaps with that of HIF-1a. Because CXCR4 was also expressed in nonhypoxic vascular cells that did not express HIF-1a, we hypothesized that CXCR4 might be regulated by VEGF released by pseudopalisading cells. Thus, we also tested the effect of VEGF on the expression of CXCR4 in HBMECs. We suggest that hypoxia in gliomas provides for at least two interconnected pathways for CXCR4 upregulation ( Figure 6 ). One route involves HIF-1a in pseudopalisading glioma cells, and the other implicates VEGF in CXCR4 upregulation in angiogenic vessels.
Others have shown that hypoxia increases CXCR4 expression through HIF-1 activation via an HRE in the 5 0 region of the CXCR4 gene. 22 HIF-1 enhances the expression and function of CXCR4 in normal cells (eg monocytes, macrophages, endothelial cells) 42 and also in malignant cells (eg renal cell carcinomas and hemangioblastomas). 22, 23 Under regular oxygen tension, pVHL, the product of the von Hippel-Lindau tumor suppressor gene (VHL), induces degradation of HIF-1a. However, during hypoxia, or in cases of renal cell carcinoma or hemangioblastomas that harbor mutations in the VHL gene, HIF-1a accumulates, which in turn leads to CXCR4 upregulation. 23 We demonstrate that there is a coexpression of HIF-1a and CXCR4 in the hypoxic pseudopalisading cells of GBMs (Figures 1  and 6 ). In addition, we went on to show that glioma cells cultured in hypoxic conditions or those having increased HIF-1a expression had a concomitant increase in CXCR4 message and protein levels. On the other hand, infection with a lentivirus-mediated shRNA expression vector directed against HIF-1a prevented both HIF-1a and CXCR4 upregulation. Thus, using this approach, we effectively inhibited HIF-1a expression concomitant with CXCR4 upregulation under hypoxic conditions. Moreover, AMD3100, a CXCR4 inhibitor, was able to decrease the hypoxia-stimulated glioma cell migration. Some have suggested that the expression of hypoxiainducible genes implicated in migration would allow the cells to migrate away from the hypoxic environment. Specifically, CXCR4 might be needed to promote motility of tumor cells in a hypoxic environment allowing the tumor cells to migrate away from areas of low oxygen. 43 Therefore, CXCR4 expression in glioma cells can be controlled by hypoxia and the levels of HIF-1a, and is associated with increased glioma cell migration.
Next to hypoxia and necrosis, a hallmark of GBMs is their high degree of vascularization, which has been linked to the overexpression of VEGF. 1 Resting endothelial cells have low levels of CXCR4 that increase in response to VEGF stimulation. [44] [45] [46] [47] Experimental data suggest that angiogenesis mediated by CXCR4 is regulated at the receptor level by VEGF. 42 We suggest it is possible that VEGF released by hypoxic pseudopalisading cells of GBMs can upregulate CXCR4 in endothelial cells. Other growth factors with angiogenic activities, for exam- Hypoxia, VEGF and CXCR4 in glioblastomas D Zagzag et al ple hepatocyte growth factor, known to be expressed in GBMs, 48 have already been shown to enhance CXCR4 expression. 49 These may also contribute to the expression of CXCR4 in the angiogenic component of GBMs. Indeed, we have demonstrated that, not only is CXCR4 expressed in angiogenic blood vessels adjacent to necrotic/hypoxic areas of GBMs but also HBMECs exposed to VEGF showed increased CXCR4 expression. VEGF has also been shown to upregulate CXCR4 expression on glioma cells. 35 Others have also provided experimental evidence in support of a role for CXCR4 in angiogenesis: (i) mice lacking CXCR4 have defective vascular development, 50 (ii) in vivo, blockade of CXCR4 in several murine tumor models results in inhibition of tumor neovascularization and growth 51 and (iii) in addition, endothelial cells and their progenitors express CXCR4. 52 Moreover, several biological observations implicate SDF-1, the specific ligand for CXCR4, in angiogenesis. SDF-1 acts as a chemoattractant for endothelial cells and their progenitors, induces endothelial cell proliferation in vitro, enhances VEGF-induced proliferation of endothelial cells, and induces microvessel formation and capillary sprouting in vivo. 44, 53, 54 In addition, an angiogenic role of SDF-1 has been shown at sites of inflammation, 53 wound repair 55 and in gliomas. 31 It has been proposed that the chemotactic influence of SDF1a 44, 56 combined with the proliferative effects of VEGF may represent a powerful angiogenic signal. Thus, SDF-1/CXCR4 and VEGF/VEGFR pathways may collaborate to induce angiogenesis in GBMs. Future experimental studies are needed to further clarify this possible symbiotic molecular system.
In summary, we have demonstrated that CXCR4 levels are elevated in tumor and vascular cells of GBMs. We propose that in hypoxic pseudopalisading cells around areas of necrosis that overexpress HIF-1a, CXCR4 expression is primarily under the control of HIF-1, whereas VEGF released by the pseudopalisading cells is, at least in part, responsible for CXCR4 upregulation in endothelial cells. Because hypoxia is known as a potent stimulus for VEGF, we believe these molecular events are linked by hypoxia causing CXCR4 upregulation in GBMs ( Figure 6 ). Taken together, our results suggest that Figure 5 Effects of hypoxia and CXCR4 inhibition on the migration of glioma cells. U87MG and LN308 cells were tested under normoxia (20% O 2 ) or hypoxia (1% O 2 ) in the presence or absence of different concentrations of AMD3100. After incubation for 24 h, the number of cells that migrated through the membrane was quantitated. Hypoxia treatment significantly increases the migration of U87MG and LN308 cells compared to control normoxic cultures (*Po0.001). Addition of AMD3100 significantly inhibits migration of U87MG and LN308 glioma cells under hypoxic conditions (**Po0.001). Bar graphs represent data pooled from three independent experiments for statistical analysis. Figure 6 Molecular pathways leading to CXCR4 upregulation in glioblastoma. This schema diagrams two potential molecular pathways that may play a role in the upregulation of CXCR4 in GBMs, that is hypoxia and VEGF. Our immunohistochemical data in clinical specimens show that CXCR4 is expressed in angiogenic vessels and in pseudopalisading glioma cells around areas of necrosis. Our data suggest that in vivo hypoxic pseudopalisading glioma cells overexpress HIF-1a that in turn may lead to CXCR4 expression in these cells. Our findings in vitro also indicate that VEGF released by pseudopalisading cells could be, at least in part, responsible for the overexpression of CXCR4 in angiogenic vessels.
Hypoxia, VEGF and CXCR4 in glioblastomas D Zagzag et al CXCR4 may be a potentially useful therapeutic target and blocking its expression could represent a novel and efficient strategy to treat gliomas by interfering with the function of both glioma and endothelial cells.
